The lag synchronisation of two different chaotic oscillators is a phenomenon that occurs when the signal from a lower frequency system is delayed with respect to a higher frequency system. The interaction among the multiple brain oscillators might produce lag synchronisation. In addition, phase differences between EEG channels might also reflect this "time delay" phenomenon. It has been suggested that the lag-synchronisation of chaotic oscillators depends on the direction of the delay differences between characteristic frequencies. The purpose of this study was to determine whether the direction of the phase difference between two electroencephalography (EEG) channels depends on the source of the characteristic frequency. The dependence of the phase shift on the mean frequency between two channels were examined in a group of 17,722 healthy truck drivers. The mean phase difference between two EEG channels was estimated using the Hilbert transform and compared with the difference in the characteristic frequency. The number of EEG segments with a phase delay from the electrode with a lower frequency to the electrode with a higher frequency was significantly higher than that moving in the opposite direction. The most significant direction of the phase delay was occipito-frontal. These results support the hypothesis that lag synchronisation occurs in the human brain as a result of phase differences that lead to "time delays" in the transfer of information from one part of the brain to another. However, this mechanism does not explain the dependence of phase differences on the frequencies between the electrodes. This work provides an alternative explanation for the phase shift between oscillations in different parts of the brain by the theory of nonlinear dynamical systems.
Introduction 1
The human electroencephalogram might represent the most complex set of signals in nature. Each scalp electrode detects the electrical activity of approximately 10 billion cortical neurons that are organised in columns. A common approach for the interpretation and spatial analysis is to assume that the cortex is composed of a mosaic of quasi-autonomous areas. Each area transmits a signal to one or more other areas in a network, and this signal might appear in the scalp electroencephalography (EEG), where it spatially and temporally overlaps with other signals through volume conduction. The synchronisation of cerebral activity is an important physiological mechanism for the functional integration of different brain regions. The synchronisation of the EEG can be quantified in a linear fashion, such as coherence, wavelet coherence or non-linear mutual information ('mutual information'), phase synchronisation and generalised synchronisation. Coherence is a major problem that affects common reference and solid leadership, and several approaches have been proposed to manage these effects. One approach involves the reconstruction of a suitable source space (Lehmann et al., 2006) . Nolte and co-workers (2004) argued that the imaginary part of coherence is a measure of correlation between signals, which cannot be influenced through a common source. Stam and colleagues (2007) proposed a new measure of synchronisation, called phase lag index, based on the assumption that the volume conduction from one source or the strong influence of active reference cannot explain the phase shift between the two signals. Indeed, Hilbert transform is used to calculate the instantaneous phase and estimate the phase shift between the two EEG signals, and index asymmetry phase differences are determined from the time series of phase differences using the 'signum function'. Phase relationships are regarded as variable that determine spatiotemporal ordering between cortical components. The relative phase has been demonstrated to change abruptly at state transitions. György Buzsáki (2006) provided support for the idea that EEG activity results from multiple weakly connected networks of chaotic oscillators in metastable states. Interactions among neural network oscillators might produce non-linear phenomena, such as lag synchronisation (Chen et al., 2007) . Lag synchronisation might occur between mutually connected chaotic oscillators with different characteristic frequencies (Taherion et al., 1999) . In this phenomenon, the signal from a lower frequency system is delayed with respect to that from a higher frequency system (Rosenblum et al., 1996; Rosenblum et al., 1997) .
Lag synchronisation is a special case of generalised synchronisation. Lag-synchronised systems in uncoupled states are structurally different, with different characteristic frequencies; therefore, the frequencies of these systems are adjusted before phase synchronisation, and continue, with increased coupling, to a lag-synchronised state, i.e., these frequencies evolve through the same sequence of states but experience some time lag. Thus, the frequencies of lag-synchronised systems should be identical, and their instantaneous phase differences should be constant (or fluctuating but bounded). Another approach to managing coherence involves calculating the rational ratio (n:m) of the frequencies of these systems. As the most commonly used measure of synchronisation, coherence is not sensitive to generalised synchronisation (Stam et al., 2007) .
The purpose of this study was to determine whether the direction of the phase difference between two EEG channels depends on the source characteristic frequency. Because imaginary and phase coherence are more affected through displacement direction and the electrically active reference electrode than the estimated instantaneous phase Hilbert transform (Stam et al., 2007; Sweeney-Reed and Nasuto, 2007) , we used this method.
Methods 2.1 Subjects
In this retrospective population study, EEG data were obtained during the examination of 31,009 healthy truck drivers using 32 EEG machines. This large sample population reflects a new law concerning preventive neuropsychological and EEG exams for all professional drivers of vehicles over 3.5 T in the Czech Republic. The subjects were also subjected to neurological examinations. Individuals with potential brain damage were excluded (897 subjects). The exclusion criteria included alcoholism, drug abuse, and abnormal neurological and neuropsychological examinations. Another 12,390 EEG recordings were excluded due to high noise levels that could not be filtered or corrected. The remaining 17,722 subjects included 17,540 males and 182 females with a mean age of 43.2 years (SD=11.2).
EEG measurement
All recordings were performed under similar conditions. The subjects were asked to be comfortable, and lie on the bed with closed eyes. Sleep was not permitted. The electrodes were placed according to the 10-20 system of electrode placement, and the recordings were conducted using a 21-channel digital EEG machine (Alien), with a 22-bit AD conversion and a sampling frequency of 128 Hz. The filter settings were 0.5-60 Hz. The frequencies were recorded for 15 minutes before artefact removal.
EEG preprocessing
Linked ears were used as a physical reference. For the analysis the potential difference between each electrode and physical reference was used. Stored digitalised data (128 Hz) were zero-phase digitally filtered through a 0.5-60 Hz bandpass FIR filter (100 coefficients, Hamming window) and a 49-51 Hz bandstop filter. The analysis was referenced to united ear electrodes, as this methodology is not sensitive to the influence of reference electrodes with non-zero activity (Stam et al., 2007) . The analysis was initiated through automatic artefact recognition and removal. Automatic artefact recognition, based on a regularised LD classifier, was used to remove 91% artefacts, and blinking and extraocular and muscle movements and electrode artefacts were automatically removed. Subsequently, an offline manual artefact expert removed preprocessed data, including less frequent and less automatically identifiable artefacts, such as EKG and stepping artefacts. Moreover, all the other artefacts, such as frequencies with short duration and low amplitude, which escaped automatic detection, were corrected. For each entry, a 4-second waking EEG was selected for further processing.
Statistics
Phase shift and mean characteristic frequency for each channel and segment were evaluated. The phase shift was estimated by Hilbert transform (Oppenheim and Schafer, 1998; YiWen Liu, 2012 ) of 2-seconds EEG segments (256 samples). Differences in the average instant phase between two channels were compared with the differences in their characteristic frequencies. Characteristic frequency of the EEG curve was estimated through return or Poincaré maps: . Under the assumption of independence, we tested the hypothesis 0 : = 0 H q , using a standard two-tailed sign test at p=0.01. The number of segments with a phase lag from a slower to a faster channel was compared with the number of segments with a reverse order using a two-tailed sign test for all channels pairs. According to the zero hypothesis, the number of those pairs should be the same. The direction of lag synchronisation between two channels might be different in the different segments (directional prevalence). According to the zero hypothesis, the number of segments with opposite directions should be the same. The number of segments with lag synchronisation in one direction was compared with the number of segments in the opposite direction using a two-tailed sign test. In both cases, Bonferroni correction was performed for all 171 pairs of channels.
Coherence
Coherence function (Sanei, 2013) has been used to find similarities between individual EEG channels. Denoting signal segments of separate channels by 
Where Pxx(ƒ) and Pyy(ƒ) stand for the power spectral density of individual signals and Pxy(ƒ) represents their cross spectral density. Each pair of channels has been processed by this function and the average frequency content in the given frequency range evaluated to find channels with the highest correspondence.
Results
In the 17,722 normal low-artefact EEG recordings, 3,052,86 two-second electrode pairs were observed among all electrodes with coherence >0.3. Among these pairs, 1,360,738 segments showed positive phase-shift, and the remaining segment showed negative phase-shift from channels with higher to lower average frequencies (p<10 20 ). Therefore, we can reject the null hypothesis. These findings are consistent with the lag synchronisation hypothesis (Stam et al., 2007) . The highest probability of lag synchronisation occurred between the frontal and parieto-occipital regions (Table-1, Figure-1 ). While lag synchronisation might change directions between EEG channels, the prevailing direction was followed. The highest probability of the coincident direction of lag synchronisation showed a similar distribution as lag synchronisation, with a uniform occipitofrontal direction (Table- 
Discussion
The average phase and frequency differences in EEG segments were studied. The results suggested that the positive phase shifts correlate with the differences in the characteristic frequencies. Although, in theory, lag-synchronised oscillators have the same characteristic frequencies, some segments might undergo synchronisation (Baier et al., 2000) . These segments might involve nonsynchronised signals with different frequencies. Our findings support the hypothesis concerning the occurrence of lag synchronisation in the brain. The existence of non-zero-lag phase synchronisation was observed in neurons (Roelfsema et al., 1997) and intracranial recordings (Tallon-Boundry et al., 2001) . Nonlinear interactions between chaotic oscillators in the brain might explain phase delays between EEG channels. Rosenblum (Rosenblum et al., 1996; described the lag synchronisation of chaotic oscillators with close frequencies. Even different frequency oscillations, such as alpha and beta, can be lag-synchronised, assuming these frequencies are in a rational ratio. The aim of this study was to determine the dependence of the directions of lag synchronisation on the differences between the characteristic frequencies of the two EEG signals. Traffic delays in the transfer of information between different parts of the brain with typical frequencies might be a random coincidence. However, we observed a statistically significant relationship between lag synchronisation and differences in the frequency characteristics when the "lag" phase of the characteristic frequency was slower due to the faster characteristic frequencies. This idea is better explained through the phase-lag synchronisation of different chaotic oscillators.
The most significant lag synchronisation was observed in the longitudinal direction, as fronto-occipital brain pathways connect regions with different characteristic frequencies, while in the transversal direction corresponding areas are connected in both hemispheres with similar characteristic frequencies. The prevailing direction of lag-synchronisation (phase lag from a lower to a higher characteristic frequency) occurred from the occipital region (with a slower alpha rhythm) to the frontal region (with faster beta rhythm). The existence of this type of synchronisation in EEG is theoretically interesting. Thatcher et al. (2005) observed a significant relationship phase-lag synchronisation in frontal EEG channels for intelligence. Stam et al. (2007) observed a significant reduction in the 'phase lag index' in patients with Alzheimer's disease. While the synchronisation of EEG signals with zero phase delay is primarily attributed to the influence of volume conduction and active reference, phaselag synchronisation reflects the "true" synchronisation between locations.
